C ommon bean originated in the Americas via two domestication events creating parallel gene pools (Mesoamerican and Andean) in Central and South America, respectively (Schmutz et al., 2014) . The plant has a small genome size (587 Mb) and is a model for understanding the genetics of many agronomic traits in legume crops including seed color which affects consumer preferences across large areas of Africa and the Americas. Common bean is consumed both as dry grain or pulse and as a fresh vegetable in the form of snap bean pods. Association between seed color traits and consumer preference is important to diets in Brazil, Central America, Mexico, and parts of SubSaharan Africa given that common bean provide up to 15% of total daily calories and 36% of total daily protein in these regions, but specific bean types are preferred in each region (Broughton et al., 2003; Beninger and Hosfield, 2003) .
Seed coat color and pattern show considerable variation in both gene pools of common bean and have been the subject of many genetic studies since the early 20th century (Prakken, 1972; Bassett, 1994) . The seed coat colors of common bean are classified
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ABSTRACT
Seed coat color is one of the most important characteristics of common bean (Phaseolus vulgaris L.). To understand the genetic basis of this trait a cross was made of two small seeded Mesoamerican bean plants from China, the varieties Longyundou 4 (Long 4) with black seed and Longyundou 5 (Long 5) with white seed. Using phenotypic classification, the genetic analysis showed that the inheritance of black, gray, and white seed color could be explained primarily by two independent genes in an additive-dominant, two gene epistasis model with a significant (c 2 = 1.65, p = 0.44) fit to the 12:3:1 segregation ratio. We also analyzed seed color as a quantitative trait to see whether significant loci aligned with any known seed color genes. To that end we developed 2357 new physically confirmed simple sequence repeat (SSR) markers (BMp series) based on the whole-genome sequences of common bean and genetically mapped 105 into the F 2 bean map. Combining the results of the phenotypic analysis and the new genetic map, two major additive quantitative trait loci (QTL) were found on chromosome Pv07; near the markers BMg87, BMp7s201, and BMp7s206 that explained more than 38% of the phenotypic variation. This region may contain the Asp gene but was distal to the P gene. Several other epistatic QTL for seed color were detected on chromosome Pv08 possibly related to the V locus and on chromosome Pv11. The new linked markers would accelerate the cloning of seed coat color genes of common bean and their selection.
as white, yellow, brown, red, purple, black, and others, including the uncommon color gray. All these bean types, have their consumer class; however, pure white, red, or black bean with better processing quality are preferred for most canning processors (Caldas and Blair, 2009; YusteLisbona et al., 2014) . The expression of seed coat color is for the most part dependent on the complex interactions of multiple genes with multiple alleles; many of these exhibit interesting epistatic interactions among each other (McClean et al., 2002) . In inheritance studies of white seed coat color the p locus and possibly other recessive genes are thought to control the lack of coloration (Prakken, 1972; Bassett, 1994) . In addition, the darkening of seed coats has been shown to depend on dominant and recessive genes (Prakken, 1970) . The P locus is believed to be the most important basal color gene or ground factor for seed coloration and may have multiple alleles that modify seed color in different ways (McClean et al., 2002; Bassett, 2007; Caldas and Blair, 2009) .
The P locus is known as the ground factor for seed color and is basal to any other genotypes with color, whether that be of red seed color (R-C and Rk), yellow to brown seed color (D, G, and J) and purple to black seed color (McClean et al., 2002; Bassett, 2007) . Of all the non-basal genes, the ones coding for black seed color have been less well studied, except for the modifier gene V which stands for the violet factor that is known to control the amounts of anthocyanins made in the seed coats of some dark colored bean (Caldas and Blair, 2009; Yuste-Lisbona et al., 2014) . The genetic positions of some of these genes has been determined but not in all cases. For example the P locus is known to reside near the phaseolin locus on chromosome Pv07 of the bean genome while [C-R], G, and V are found on chromosomes Pv08, Pv04, and Pv06, respectively (McClean et al., 2002; Caldas and Blair, 2009) .
Quantitative trait loci for tannin accumulation have been found at some of the seed color and color pattern loci but the interaction between these QTL or genes for anthocyanins and color genes are not well understood (Caldas and Blair, 2009) . Therefore, there is still a need to better map and analyze seed color genes of common bean. In this regard, many molecular markers have been developed for common bean although fewer are in use for marker assisted selection and fewer still for selection of seed color (McClean et al., 2002) . The marker types used today include sequence characterized amplified region (SCAR), single nucleotide polymorphism (SNP), and SSR markers (Blair et al., 2006; Hanai et al., 2010; Cortés et al., 2011) . Of these single locus molecular markers, SSR markers are more likely to show high polymorphism and are widely used in genetic mapping (Matus and Hayes, 2002; Blair et al., 2008 Blair et al., , 2009 . Single nucleotide polymorphism markers tend to be bi-allelic and are most useful in within-gene pool crosses but given their sheer numbers are becoming ever more popular.
Sequence characterized amplified region markers have been made specifically for seed color genes by McClean et al. (2002) but are gene pool specific and range in reproducibility from low to only moderately high depending on the detection technique whether by digestion or by gel-based evaluation of a dominant band. The markers developed to date for seed coat color selection are less reliable and need improvement. Ideally, a selection of many molecular markers well distributed around or in each seed coat color gene would allow phenotype prediction and targeted breeding of seed coat color. Recently, the release of whole-genome sequence in common bean (Schmutz et al., 2014) has provided abundant information to develop more markers on a genome-wide scale and perform an extensive study on the location of seed coat color genes in common bean.
In this study our goal was to understand the genetic basis of seed coat color in bean cultivars useful for the Chinese export and processing market which includes small white and black bean plants from the Mesoamerican gene pool; and specifically to identify novel loci and alleles for seed coat color. As specific objectives we sought to analyze a mapping population developed from the cross between commercial black-seeded (Long 4) and whiteseeded (Long 5) parents, develop and identify a large number of polymorphic SSR markers for the cross and create a genetic map for both Mendelian and QTL analysis of seed color traits, to determine the inheritance of black and white seed color. China is among the largest exporters of white (Navy type) and black (Black Turtle type) common bean so this study has important economic implications. The black bean parent, Long 4 was the product of mutation breeding and was found to be a source of a new gene for gray colored seed and the cross had a novel system of inheritance for black and white seed color.
MATERIALS AND METHODS

Plant Materials
A cross was made between a black-seeded parent, Long 4 (accession no. F00005237), and a white-seeded parent, Long 5 (accession no. F00005029). Both Long 4 and Long 5 are modern cultivars from the Heilongjiang Academy of Agricultural Sciences (HAAS) and are grown in northern China for export. Long 4 is a genotype derived from the cultivar Heiyundou through irradiation with 60 Co at 2.0 × 10 4 x radiation power and as such is one of the few mutation-derived cultivars of common bean used in China. Long 5 is a genotype derived from a traditional cross between Dabaidou and B-7150. The seeds of the Long 4 and Long 5 were obtained from the National Gene Bank of China which is located within the Chinese Academy of Agricultural Sciences (CAAS) in Beijing, China. The F 1 of the Long 4 × Long 5 cross was allowed to self-pollinate in a greenhouse at CAAS to avoid outcrossing and the F 2 seed collected for planting again in the greenhouse. Greenhouse planting consisted of Scientific Corp., Carlsbad, CA), 0.25 mM each dNTP (dATP, dCTP, dGTP, and dTTP), 1.5 ML of 10× Taq Buffer with 1.5 mM Mg 2+ , and 1U of Taq DNA polymerase in a T100 Thermal Cycler (Bio-Rad Research, Hercules, CA). The PCR reaction was as follows: 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 53°C for 45 s and 72°C for 45 s; and a final extension of 5 min at 72°C. The PCR products were separated on an 8% non-denatured polyacrylamide gel. The SSR alleles and segregating F 2 genotypes were scored from the gels based on the band sizes in the homozygous parental genotypes.
Linkage and Quantitative Trai Loci Analysis
A genetic linkage map was constructed by the software MAP-MAKER/EXP 3.0b (Lincoln et al., 1993 ) with a minimum logarithm of odds (LOD) score of 3.0, a maximum distance of 33 cM, and the Kosambi method of calculating map distances (Kosambi, 1943) . Combining the results of the phenotyping and the genetic linkage map, we analyzed the additive and the epistatic effect of QTL for seed color in the F 2:3 population. Our QTL analysis was performed using the software QTL IciMapping v. 4.1 with inclusive composite interval mapping (ICIM) for mapping method (Li et al., 2007; Lei et al., 2015) , where p = 0.05. The mapping parameters of each step for ICIM of additive QTL (ICIM-ADD) and epistatic QTL (ICIM-EPI) were set at 1.0 and 5.0 cM, respectively. The LOD threshold of ICIM-ADD and ICIM-EPI were set at 3.0 and 5.0 for QTL declaration, respectively. Permutation test with 1000 permutations was performed to establish the LOD threshold values for declaring a QTL as significant.
RESULTS
Genetic Analysis of the Seed Color
All F 1:2 seeds derived from the F 1 plants of the Long 4 × Long 5 cross were black, which is consistent with the dominance of black seed color over white seed color and the maternal (Long 4) tissue origin of the seed coat (Fig.  1) . Results of seed coat color analysis in the F 2:3 seed derived from the Long 4 × Long 5 population segregated into three color classes: black, gray, and white (Fig. 1) . The results of the F 2:3 seed coat color phenotype fit an expected 12:3:1 segregation ratio (c 2 = 1.65, p = 0.44, df = 2) based on the observed segregation of 137 black, 42 gray, and 10 white seeded plants found in the F 2 population (Table 1) . A second generation was used to confirm expected segregation ratio given these results. In this case the F 3:4 seed coat color phenotype fit a ratio of 40:15:9 segregation ratio (c 2 = 4.41, p = 0.11, df = 2) based on the observed segregation of 396 black, 123 gray, and 75 white seeded plants found in the F 3 (Table 1 ).
Molecular Marker Analysis and Map Construction
Based on the whole-genome sequence of common bean (Schmutz et al., 2014) , 2357 different di-nucleotide SSR motifs were found with the SSR Locator software used here. We explored the allelic polymorphisms between growing the plants in plastic pots (23 by18 by18 cm) under a 14/10 h photoperiod at 25°C (day) and 20°C (night) temperatures. The F 2 -derived F 3 seed from each F 2 plant was evaluated for color as was the F 3 -derived F 4 seed.
Phenotypic Evaluation
Plant materials for the study were evaluated for seed coat color by phenotypic classification using counts of 1 to 3 for quantification and also based on categorical values of white, black, and gray seed types observed, where white being 1 and black being 3 and gray being 2 scores. The seed coat color of 189 F 2 -derived F 3 families and 594 F 3 -derived F 4 families were investigated and analyzed using chi-square (c 2 ) tests for each generations observed ratios using SAS software (version 9.1; SAS Institute, Cary, NC). As a separate experiment, we confirmed the seed coat color of 30 seeds harvested from the two parents and from the F 1 plants grown in the same greenhouse as the F 2 plants. The size of mapping population was 195 F 2 plants and included six F 2 plants which did not produce sufficient seed to evaluate but where genomic DNA was extracted.
Development and Use of Simple Sequence Repeat Markers for Genetic Mapping
A total of 381 common bean SSR markers of various origins were selected from the BIC website (http://bic.css.msu.edu/_ pdf/Bean_SSR_Primers_2007.pdf ) and from recent reports of SSR development (Chen et al., 2014; Hanai et al., 2010) . In addition, we downloaded the whole version 1.0 common bean genome sequence from http://www.phytozome.net/commonbean.php to mine for additional SSR markers. New SSRs were found based on a search for di-nucleotide SSR motifs in the individual pseudo-molecule chromosome sequences using the software SSR Locator v.1 (Maia et al., 2008) . The design parameters of the new SSR markers were as follows: amplicon size of 100 to 280 bp, primer lengths of 15 to 25 nt, annealing temperature (Tm) between 50 and 65°C, and an optimum G/C content of 50%. The markers were named with a prefix BMp followed by a number, with that one or two digit number based on the common bean chromosome from which the SSR was derived (n = 1-11) in the Phytozome database of DNA sequences for each chromosome. The new SSR markers were selected to be at 200 to 300 Kb intervals across each chromosome. We then explored the polymorphisms of all the markers to analyze the allele differences between the two parents across different regions of each chromosome, prior to genetic mapping in the F 2 population.
DNA Extraction and Simple Sequence Repeat Marker Evaluation
Genomic DNA was extracted from young leaves of each parental and F 2 segregant genotype using a modified cetyltrimethyl ammonium bromide (CTAB) method (Afanador-Kafuri et al., 1993) and dissolved in 0.1× Tris-EDTA (TE) buffer. This DNA was then used as the templates in polymerase chain reaction (PCR) amplification reactions to screen and analyze the polymorphic SSR in the two parents and then in the F 2 population of 195 plants. The PCR amplifications were performed in 15 mL PCR mixtures: 20 ng of template DNA, 0.2 µM each forward and reverse primer (Invitrogen, Thermo Fisher Long 4 and Long 5 of SSR markers, which included 2021 new SSR markers that were evenly spaced at 200 to 300 Kb physical distances and 381 previously mapped SSR markers. Due to the narrow nature of the cross only 158 markers showed polymorphism between the two parents resulting in a 6.56% polymorphism rate for the SSRs. The reason for the low polymorphisms between the parents was probably due to the fact that they both belonged to the same Mesoamerican gene pool and the genetic diversity between them was low. The polymorphic markers included 47 previously described SSRs and 110 newly developed SSRs of which 70 were based on AT repeats and 40 based on AG or CT motifs (Supplemental Table S1 ).
Then, linkage analysis was performed on 195 F 2 individuals for 157 loci, 150 markers were located on the genetic linkage map, which contained 13 linkage groups that could be assigned to the 11 known common bean chromosomes (Zhu et al., 2016) . This was done by matching the chromosome number of common bean and the linkage group number based on previous mapping information and the expected BMp marker location based on the genome sequences from which the new SSRs were derived. Most of the markers, 105 out of the 150 mapped markers in total, were from the newly created BMp (physical map) series while 24 mapped markers were from the BMg (genomic based) series created by Chen et al. (2014) . Meanwhile, seven PVBR and six PSSR markers were mapped across this map and that of Hanai et al. (2010) . Additionally, three markers from the BM and GATs series, two markers each from the BMa and PV series, as well as one marker from the BMd series were mapped across this map and the SSR-based genetic maps of Blair et al. (2008 Blair et al. ( , 2011 . Map integration confirmed correspondence between the present genetic map and previously published maps for the BAT93 × Jalo EEP 558 and DOR364 × G19833 mapping populations, respectively.
Quantitative Trait Loci and Epistatic Analysis for Seed Color
Combining the results of the phenotypic analysis and the new genetic map, two major additive QTL derived from the Long 4 parent with black seed and these were named L4a and L4b. Both QTL were found on chromosome Pv07 ( Fig. 2A) . L4a explained 28.9% of the phenotypic variation for black seed color from Long 4, and it had the highest LOD value of 16.4 (Fig. 2B, Table 2 ). The LOD value of L4b was 5.8 and the phenotypic variation explained was only 9.7%.
The genetic map location of the L4a QTL could be defined as being in a 1.8 cM interval between markers BMp7s201 and BMp7s206. The physical position of BMp7s201 was at the 4190,884 bp position on chromosome Pv07 while BMp7s206 was at 4256,486 bp with a total physical distance between the two QTL flanking markers of 65.6 Kb. (Fig. 2C, Table 2 , and Supplemental Table S1 ). Meanwhile, the genetic map location of L4b was in a 4.1 cM interval between markers BMp7s194 and BMp7s218. The physical position of the first of these markers was at the 4114,553 bp position with the second at the 4448,039 bp position resulting in a physical distance of 333.5 Kb. From these positions it is evident that the two QTL overlapped with each other on Pv07 (Fig. 2) .
Epistatic effects play a crucial role in inheritance of agronomic traits, such as seed coat color (Zhang et al., 2013) , so we detected the epistatic effect of seed coat color in this population. Twelve pairs of epistatic QTL were identified and associated with nine marker intervals in this population (Table 3) . These epistatic QTL were 
DISCUSSION
Seed color is one of the most important but complex characteristics of common bean. The seed coat of common bean has a range of colors from white through yellow, brown, red, purple, black, and shades in between. The genetics of seed color in common bean has been analyzed in many studies (Prakken, 1970 (Prakken, , 1972 Bassett, 2007; Caldas and Blair, 2009; McClean et al., 2002) , most finding that expression of seed coat color is controlled by the interaction of multiple genes acting independently or in an epistatic manner to produce a range of colors from white to black (Moghaddam et al., 2014) and even gray as we found in this study. Gray seed color is usually classified as "other color", which in bean seed is less solid than for white or black seeded types and as found in this study was slightly veined around the cotyledons. While not common in China, gray bean is typical of some seed classes consumed distributed on chromosomes Pv03, Pv04, Pv06, Pv07, Pv08, and Pv11, and explained phenotypic variance by 2.04 to 7.87%. The interactions among qE3-1, qE4-1, qE6-1, qE7-1, qE7-2, qE8-1 and qE11-1 were identified repeatedly. The highest LOD value of the epistasis effect was found at between qE8-1 on chromosome Pv08 and qE7-1 on the chromosome Pv07. This last epistatic interaction QTL explained 7.87% of the phenotypic variation. Besides, qE7-1/qE11-1 showed higher epistatic interaction, which explained 7.84% of the phenotypic variation next to the epistatic QTL qE8-1/ qE7-1 (Table 3) . In this research, each three epistatic QTL were identified at the locus qE7-1 located at between markers BMp7s206 and BMg87, and qE7-2 located at between markers BMp7s218 and BMg1526 on chromosome Pv07. These epistatic QTL were worthy of further study. in Chile such as the medium sized gray and yellow tinged Tortola bean seeds (Becerra et al., 2010) . These gray bean seeds are not consumed anywhere else in the world. In this research, we developed a segregating population between the black-seeded Long 4 parent and the closely related but white-seeded Long 5 parent. After investigating seed coat color in two generations from the population derived from the Long 4 × Long 5 cross, we found the following results: (i) all the F 2 seeds from F 1 plants were black, which is consistent with Long 4 providing dominant alleles for seed color; (ii) in the F 2:3 populations, the F 3 seeds from F 2 individuals segregated into three colors: black, gray, and white; and (iii) after analyzing the segregation of seed coat color, the results showed a 12:3:1 ratio of black, to gray to white seeds which is indicative of a duplicate dominant-epistasis model. White seed color in most studies has been controlled by an allele at the recessive p locus (Prakken, 1972; Bassett, 1994) , but the darkening of seed coat color has depended on a dominant and a recessive allele (Prakken, 1970) . Based on the results of our research, the inheritance of seed coat color was controlled by two dominant genes where black seed color was hyperstatic to white seed color. In allelic terms, black seed color from Long 4 was controlled by the combination AABB and white seed color from Long 5 was controlled by aabb. The A-genotypes would be postulated to be black while the aaB-genotypes would be gray seeded. Therefore, the genotypic ratio in the F 2 generation was 9A-B-and 3A-bb being black seeded, 3 aaB-being gray seeded, and 1 aabb being white seeded.
White seed color needs recessive homozygous state in at least one locus known to map to chromosome Pv07, while black seed color is influenced by P and a range of characterized genes including Asp on Pv07 and V on Pv08; as well as uncharacterized genes controlling flavonoid and anthocyanin synthesis in the seed coat (Caldas and Blair, 2009; Perez-Vega et al., 2010) . In this study, two major additive QTL for black seed color were detected on chromosome Pv07 (termed L4a and L4b between the markers BMp7s201/BMp7s206 and BMp7s194/BMp7s218, respectively) controlling 28.9 and 9.7%, for a total of 38.6% of the phenotypic variation in the trait. The two QTL mapped around 4 Mb apart from each other based on physical position of linkage markers and were therefore subtelomeric where Asp is suggested to reside rather than centromeric where the P locus is thought to be found.
The position of the QTL we identified, therefore, appeared to be novel compared to P locus but might correspond the Asp locus. Genetic mapping from Moghaddam et al. (2014) showed the P locus to be around the 40 Mb position on chromosome Pv07; but the Asp locus has not been physically mapped. As a result, unless the P locus mapping from the previous study was cross specific, the loci L4a/L4b are novel. They might map to another seed color locus such as Asp or one that has not been named yet that is around the 4 Mb position on the same chromosome Pv07. The physical distance between the QTL and the likely P locus was more than 36 Mb probably rules out that the QTL represent new P alleles and we believe we have found a novel locus for seed color. This is supported by the fact that we used the marker BMg2416 that co-segregated with the P locus in the study of Moghaddam et al. (2014) to analyze the two parents of our population; however, this marker did not co-segregate with the black seed color of Long 4 (Supplemental Fig. S1 ). All these results together showed that the L4a/L4b QTL were different from the P gene. In addition to the P locus, another major locus Asp responsible for seed color and color retention has also been mapped on chromosome Pv07 (Perez-Vega et al., 2010) but has not been characterized at the sequence level. In this case the L4a and L4b loci may be allelic with Asp based on the genetic mapping of Cichy et al. (2014) . The results do agree, however, with white seed coat color being a recessive trait to black seed as we found in the F 1 generation-derived F 2 seed.
The role of epistasis in controlling seed color has been described before (McClean et al., 2002; Prakken, 1970 ) but here we found the case of two-gene epistasis that resulted in a novel gray colored phenotype. By analyzing the epistatic effects of loci on seed coat color, three epistatic QTL were found in the same marker intervals on the lower half of Pv07 (BMp7s206/BMg87 and BMp7s218/BMg1526). Either of them could correspond to the P locus itself, where one seed coat allele p gri has been found to create gray-white seed coat pattern (Bassett, 1994) . So the additive and epistatic nature of the now better defined seed color gene on chromosome Pv07 is important to emphasize. We also found epistasis between the Pv07 loci and other loci on Pv08 and Pv11. Therefore, these positions could be locations for studying black seed color associated genes.
Epistasis was very significant for the dark seed coat with the highest LOD (23.4) locus having an epistatic effect between BMp8s193/BMp8s161 and BMp7s206/BMg87 on Pv08 and Pv07, respectively, that explained 7.87% of the phenotypic variation for the trait. This most important epistatic locus could be allelic with the V gene also mapped to chromosome Pv08. Another major epistatic QTL was located between the positions of BMp7s206/ BMg87 and BMp11s202/BMp11s229 on chromosome Pv11 and explained 7.84% of the phenotypic variation, making it a third linkage group involved in the black seed color trait. According to the model of additive-dominant-epistasis (12:3:1) in this population for seed coat color, the existence of epistatic effect between QTL provides further detail on the inheritance of seed color.
Markers around seed color QTL could be used for the marker-assisted selection (MAS) of black seed color. The epistatic loci we found may play major roles in the seed color gene. Although single-locus QTL and significant epistatic effects have been reported before for seed coat color (Yuste-Lisbona et al., 2014) , the genetic analysis of black seed color needs further study to meet the needs of marker assisted selection breeding. Although we did not identify a single locus for black, gray versus white seed color, to our knowledge, this is the first report of these seed color traits being tightly linked to SSR markers in the genome sequence of common bean, which would be beneficial for fine mapping and cloning the novel seed color genes and creating ideal markers for MAS selection of seed types including the white, gray, and black seed classes found in our mapping population. The findings of significant epistatic effects for black, gray, and white seed will play a major role as the genetic basis of breeding for seed coat color in Chinese export bean seeds.
